Introduction
[2] The Antarctic Circumpolar Current (ACC) is associated with the strongest winds on Earth and carries the greatest volume of water transport in the world's ocean [e.g., Orsi et al., 1995; Barker and Thomas, 2004] , and temporal changes in this system could have global impacts on ocean circulation and climate. Geochemical and modeling studies have suggested that glacial stratification and/or variations in sea ice cover of the Circum-Antarctic could be important for glacial-interglacial variations in atmospheric pCO 2 [e.g., Sarmiento and Toggweiler, 1984; Siegenthaler and Wenk, 1984; Francois et al., 1997; Boyle, 1988; Toggweiler, 1999; Stephens and Keeling, 2000; Sigman and Boyle, 2000; Keeling and Stephens, 2001; Keeling, 2002; Archer et al., 2003; Sigman et al., 2004; Toggweiler et al., 2006] . In spite of the likely importance of the Southern Ocean's role in climate change, there is no consensus about either the location of winds and fronts, or vigor of the ACC in the past.
[3] Toggweiler et al. [2006] suggest that northward displacement of the westerlies during glacial times could have resulted in reduced ventilation of deep waters around the perimeter of Antarctica, and thus provide a potentially important feedback loop for glacial-interglacial pCO 2 changes. They reviewed the indications and views about changes in the mean latitude of the westerlies, including observations of shifts over the past 40 years in concert with increasing atmospheric CO 2 [Hurrell and van Loon, 1994; Kushner et al., 2001; Intergovernmental Panel on Climate Change, 2001] . The evidence for recent shifts raises the possibility that the westerlies may shift in different climate conditions. Lines of evidence associated with sea ice extent and biological productivity have led some investigators to conclude that the major Circum-Antarctic fronts shifted northward by as much as 5°-10°in latitude during glacial periods [e.g., Hays et al., 1976; Prell et al., 1980; Mortlock et al., 1991; Howard and Prell, 1992; Gersonde et al., 2005] .
[4] On the other hand, some geochemical studies have concluded that the frontal boundaries were similar to today [e.g., Matsumoto et al., 2001; Anderson et al., 2002] . Moreover, physical oceanographers have maintained that the ACC position is ''grounded'' by the bathymetry [e.g., Moore et al., 1999 Moore et al., , 2000 Trathan et al., 2000; Pollard and Read, 2001; Ansorge and Lutjeharms, 2003 ]. If the ACC flow cannot be moved due to bathymetric control, then the latitudinal changes in biologically sensitive proxies do not reflect frontal shifts but rather reflect changes in productivity due to changing sea ice cover, SST, and nutrient availability independent of the frontal boundaries.
[5] Pollen studies from South America have been interpreted to indicate both northward [Heusser, 1989; Moreno et al., 1999] and southward [Markgraf, 1989] changes in the westerlies track. Lamy and coworkers [Lamy et al., 1999 [Lamy et al., , 2001 [Lamy et al., , 2002 Stuut et al., 2002; Stuut and Lamy, 2004] have used studies of terrigenous sediments from marine sediment cores off western South America and Africa to conclude that the westerlies shift northward during cold climate periods.
[6] Barker and Thomas [2004] note that combined effects of lower temperatures, grounding of the ice sheet to the continental shelf edge, and more extensive sea ice coverage during glacial maxima might be expected to cause the belt of driving winds to move northward and reduce ocean-atmosphere coupling, with the overall effect to reduce the strength of the ACC. For example, Ninnemann and Charles [2002] concluded that a less vigorous glacial ACC is indicated by gradients of benthic foraminiferal d 13 C between the Atlantic and Pacific sectors, and this may be consistent with observations of extremely salty water in the South Atlantic sector of the Southern Ocean [Adkins et al., 2002] during the last glacial maximum (LGM), the carbonate concentration and d 13 C of benthic carbon [Hodell et al., 2003 ] and the extremely low radiocarbon content of southwest Pacific waters [Sikes et al., 2000] . On the other hand, a more vigorous glacial ACC might be expected because the presentday ACC core is displaced southward from its driving winds, and glacial wind strengths were greater than today. On the observation side, studies based on grain size variability in the Scotia Sea Howe, 1998, 2002] conclude that ACC flow intensified during the LGM. Barker and Thomas [2004] note that in addition to grain size variability it is important to consider the possibility of significant glacial-interglacial change in terrigenous sediment sources. In short, the current state of observations and theory fall far short of constraining the situation in the glacial ACC.
[7] Radiogenic isotope tracing of sediment provenance offers a promising solution to this important question. The geometry of the Circum-Antarctic system combined with the isotopically distinctive terrigenous end-members sets up a situation where the pattern of compositional variation can place important limits on the position of the currents. The radiogenic isotope ratios of the terrigenous detritus reflect only source and dispersal, and are independent of parameters that control biological productivity such as temperature and nutrient availability. Meridional changes in the major frontal boundaries will thus be reflected by systematic latitudinal changes in the isotopic compositions of detritus. . The goal of this paper is to explore the relationships among terrigenous sources of sediment around the perimeter of Antarctica and dispersal within the ACC.
Samples and Methods
[10] Samples were taken from marine sediment cores from the Lamont and Florida State repositories, dispersed in water and sieved at 63 microns. The <63 micron fraction was leached with buffered acetic acid, following the procedure of Biscaye [1965] and with a hydroxylamine hydrochloride solution following the procedure of Rutberg et al.
[2000], taken from Chester and Hughes [1967] .
Samples with high opal contents were further leached with sodium carbonate solution, following the procedure of Mortlock and Froelich [1989] .
[11] Residues from leaching the <63 micron fraction were dissolved on a hotplate at $150°C in a mixture of 4:1 HNO 3 and HF for several hours or until no visible solids remained. Dissolved samples were dried, taken up in 3 N HNO 3 and loaded on cleaned and equilibrated 0.03 ml columns of Eichrom's strontium specific resin. Approximately 750 microliters of 3 N HNO 3 was passed through the columns. Strontium was eluted with approximately 750 microliters of quartz-distilled water, and dried for analysis.
[12] Sr was loaded onto tungsten filaments with a TaCl 5 solution [Birck, 1986] . Isotope measurements were made on a VG Sector 54 multiple collector thermal ionization mass spectrometer, using a multidynamic collection routine and an exponential fractionation correction based on 86 Sr/ 88 Sr of 0.1194. Between 100 and 120 ratios were averaged for each analysis. Samples from the Antarctic perimeter were measured in May 2005 and the average of 14 analyses of SRM987 in this interval was 0.710251 ± 0.000033, 2s external reproducibility. Samples from the ACC and to the north of the ACC were measured during June through August of 2003 and the average of 51 analyses of SRM987 in this interval was 0.710263 ± 0.000022, 2s external. We have corrected the values to the recommended value of 0.710245 using the measurements near the time of the analyses due to the two-year separation in time.
The range of values for sediment samples reported here is in the second decimal place, and therefore uncertainties for the standard data in the fifth decimal place are trivial.
Results and Discussion
[13] Strontium isotope data are reported in Table 1 , and core top and LGM values are shown on the map in Figure 2 . Sr and Nd isotopes are compared in Figure 3 .
Isotope Systematics
[14] Strontium isotope values around Antarctica range from 0.705 to 0.739. Together, Nd-Sr isotopes on these samples show a good correspondence with global sediment compositions ( Figure 3 ), although in detail they tend toward higher 87 Sr/ 86 Sr relative to the global sediment array. Because the Sm-Nd system provides an estimate of the average ''mantle extraction '' age [e.g., McCulloch and Wasserburg, 1978; DePaolo, 1981; Goldstein et al., 1984 Goldstein et al., , 1997 Taylor and McLennan, 1985; McLennan and Hemming, 1992; Roy et al., submitted manuscript, 2007] , the strong covariation between e Nd and 87 Sr/ 86 Sr confirms the first order importance of geologic age on the strontium isotopes [e.g., Dasch et al., 1966; Dasch, 1969; Biscaye and Dasch, 1971; Goldstein and Jacobsen, 1988] . Additional factors that influence the Rb-Sr system more than the Sm-Nd system are weathering and sedimentary sorting (reviewed by Goldstein and Hemming [2003] ). It is likely that the tendency to higher 87 Sr/ 86 Sr for a given e Nd in Antarctic samples is due to the dominance of physical over chemical weathering in this glacial environment. This is an interesting observation, but it is of limited relevance to this paper and will be pursued elsewhere.
Mechanisms for Transporting
Terrigenous Sediment to the Ocean [15] As the weathering products of rocks exposed at the surface of the earth, terrigenous sediments provide important insights into paleo-conditions. The rock types sampled by weathering, as well as the type and degree of dominant weathering and the geological history of the terrains they sample, particularly the ages of significant events such as crust formation and metamorphism, lead to distinctive variability in their radiogenic isotope compositions. Terrigenous sediments are delivered to the ocean by glaciers and rivers with generally high flux near point sources, decreasing rapidly away from them and contributing to hemipelagic sediments that are moved around the ocean by currents (both surface and deep currents, depending on the situation; see discussion by Franzese et al. [2006] ). Terrigenous sediments are also delivered to the ocean by winds, but in general the vastly greater hemipelagic rain rate means that wind delivered sediment is rarely a large fraction of the terrigenous sediment supply. This means that, apart from areas where the terrigenous flux is very low ((100 mg/ cm 2 /kyr), it is unlikely that wind blown sources can be identified from sediment compositions. Examples where wind delivered sediments are predominant include regions far removed from continents, such as the central North Pacific Ocean. Additionally, regions very close to major dust sources, such as the eastern Atlantic off the Sahara desert, also have a dominant wind delivered sediment composition. For a general overview of terrigenous sediments in marine deposits, the reader is referred to recent reviews by Kohfeld and Harrison [2001] and Grousset and Biscaye [2005] .
Geographic Trends Revealed by Core Top Survey
[16] Different basement provinces yield distinctive isotopic signatures, where in general older sources yield higher 87 Sr/ 86 Sr (Figures 1 and 2) . Within the ACC, the terrigenous detritus shows distinctive meridional zonations in transects from the Antarctic continent (Figure 2 ). Both south and north from the main ACC, the 87 Sr/ 86 Sr of the terrigenous detritus reflects continental components from Antarctica in the south, and Africa, Australia-New Zealand, and South America in the north. The detritus within the main ACC has a large component derived from recent volcanism that is especially strong east of the Antarctic Peninsula and the South Sandwich island arc (east of Drake Passage, DP). This signal is carried far eastward by the ACC and is reinforced by the Crozet Islands (CI) and presumably also by volcanism of the Kerguelen Plateau (KP). Thus the geometry of the system combined with the geological variability facilitates the use of isotopic tracers to follow dispersal by currents. Figure 2 ).
[18] The pattern of Sr isotope variation in the Ross Sea Sector (Figure 2) [20] Superimposed on this decreasing trend is a minimum in 87 Sr/ 86 Sr at approximately the position of the southern boundary of the ACC, followed by a maximum just to the north of the minimum. This is within the zone of minimum terrigenous flux as documented by Chase et al. [2003] with total terrigenous flux less than 50 mg/cm 2 /kyr (Figure 4 ). Although these differences in 87 Sr/ 86 Sr may appear small compared to the very large difference in Ross Sea versus other Antarctic end-members, the compositional variations along the Holocene Ross Sea transect are far greater than the external reproducibility of the Sr isotope ratio. These reversals in trend require additional end-member contributors to the terrigenous sediment load at these sites beyond those identified as the Antarctic continent to the south and New Zealand/Campbell Plateau to the north. The most likely explanation for the local 87 Sr/ 86 Sr minimum is a greater relative contribution from the Pacific-Antarctic ridge to the west with typical MORB values of $0.703 [e.g., Klein et al., 1988] . The pattern of minima in 87 Sr/ 86 Sr in the center of the ACC, and especially downstream of major volcanic bathymetric highs, is repeated around the ACC (Figure 2) . The local 87 Sr/ 86 Sr maximum just to the north of the minimum is also within the low flux zone of Chase et al. [2003] , and may very well signal the presence of a small windblown dust input from much higher 87 Sr/ 86 Sr Australian sources with an average value of about 0.737 [Basile et al., 1999; Delmonte et al., 2004; Revel-Rolland et al., 2006 ].
Holocene-LGM Comparisons
[21] Compared with the Holocene section from the Ross Sea, sediments from the LGM follow a similar geographic trend in 87 Sr/ 86 Sr. However, the position of the minimum 87 Sr/ 86 Sr is located to the north of the Holocene minimum (Figure 4 , bottom panel), implying a shift from $64-65°S in the Holocene to $63°S in the LGM (i.e., 1-2°n orth). Additionally, the sample to the north of the minimum has a much higher 87 Sr/ 86 Sr in the LGM, consistent with a stronger dust source from Australia in glacial times. Once again, the compositional shifts are significant and require end-members Figure 2 . Strontium isotope composition of terrigenous sediments presented on a polar projection, including a schematic ACC (gray), plus ocean currents near the Antarctic margin and a geologic map of Antarctica modified from Kirkham and Chorlton [1995] . The abbreviations for the geology legend are Rec (Recent), Cen (Cenozoic), Mes (Mesozoic), Pal (Paleozoic), Pro L (Late Proterozoic), Pro M (Middle Proterozoic), Pro E (Early Proterozoic), Pro U (Proterozoic, undivided), Arc (Archean), and Pre U (Precambrian, undivided). The Ross and Weddell Seas are indicated by RS and WS, respectively. Continental sources north of the ACC are indicated by labels (NZ stands for New Zealand). The location of the Ross Sea transect (Figure 4) is indicated. The color variations of the Ross and Weddell Sea gyres are schematic and based on the Holocene data in Figure 2a and our interpretation that these gyres are important point sources for injecting terrigenous sediments into the ACC. Locations from this study are shown as circles, and those from published work (cited in text) are shown as triangles. Color coding of isotopic values is indicated in the legend. (a) The silicate fraction (<63 mm) 87 Sr/ 86 Sr of near-core-top sediments, including the survey samples of Figure 1 and cores from the Antarctic Circumpolar Current (ACC). Locations of Drake Passage (DP), Crozet Islands (CI), and Kerguelen Plateau (KP) are indicated in Figure 2b. (b) The 87 Sr/ 86 Sr for the fine silicate fraction (<63 mm) of LGM sediments from the Antarctic Circumpolar Current (ACC). Antarctic terrigenous sediments. Data for modern river suspended sediments [Goldstein and Jacobsen, 1988] and modern deep sea turbidites [McLennan et al., 1990] are shown as black diamonds for reference. beyond the two obvious sources from New Zealand and Antarctica. Thus changes in terrigenous flux from the Antarctic and New Zealand end-members are not sufficient to explain either the existence or the shift in the zigzag pattern with latitude.
[22] Although more data would be necessary to firmly conclude that a small northward shift in the southern boundary of the ACC occurred between the Holocene and the LGM, the results from the Ross Sea transect nevertheless are consistent with observations in the Cape Basin of the South Atlantic. Holocene and LGM maps of Sr isotope variations for the South Atlantic have been constructed by Franzese et al. [2006] , who found significantly decreased contribution of Agulhas Current derived sediment into the South Atlantic in glacial times. Although the LGM data are sparse within the ACC, cores from near the southern tip of Africa show much less influence from the Agulhas Current compared to the Holocene. Work is ongoing to constrain the position of the Agulhas Retro-flection in the LGM, but it appears likely that it shifted north and/or east in the LGM relative to the Holocene, consistent with a northward shift of the westerlies [Franzese et al., 2006 ].
LGM Shifts and Possible Implications
[23] Did the major oceanic frontal systems of the Circum-Antarctic shift significantly during the LGM? As reviewed in the introduction, changes in these fronts could be tied to changes in the position of the southern midlatitude westerlies, and this could be an important factor governing Holocene-LGM variations in atmospheric pCO 2 . In today's ACC, the fronts are the location of the fast currents or jets [Colling, 2001] . From the pattern of provenance variability indicated by the 87 Sr/ 86 Sr of the terrigenous fraction of marine sediment cores, it appears that sediments from various sources are injected into the ACC and then carried in streaks by the currents until they settle through the water column. If this can be demonstrated to be a robust conclusion, then changes in the positions of compositional gradients in terrigenous sediments would be a sensitive tool for mapping the paleo-locations of fast currents. Although we consider the data presented here to demonstrate the potential power of this approach, more data are needed in order to make a firm conclusion about the relationships between changing sediment composition and frontal boundaries. Nevertheless we are intrigued by what appears to us to be a significant relationship. In this context, we will improve the data coverage, spatially, temporally and compositionally with a combination of radiogenic isotopes, flux and other compositional measures including chemistry and grain size.
Conclusions
[24] The strontium isotope composition of terrigenous detritus is a powerful tracer of continental inputs into the ACC. The sediments deposited along the Antarctic coast represent a mixture of lithologies that were incorporated progressively during glacial transport, and their compositions reflect the variety of bedrock lithologies underlying different sectors of the ice sheet. The different basement provinces yield distinctive isotopic signatures, and the sediments contain information about Antarctic basement ages and Antarctica's geological evolution. The geographic pattern of variability of 87 Sr/ 86 Sr found in this study is created by continental inputs north and south of the ACC and by contributions from oceanic vol- canic sources within the ACC. The core top distribution, especially considering the Ross Sea -New Zealand transect, is consistent with our interpretation that provenance change across the ACC is partly controlled by the position of fast currents in the ACC, and thus may be used to estimate changes in them in the past.
[25] A comparison of Holocene and LGM compositions from the Pacific and Atlantic sectors reveals a small northward shift in the zone of minimum 87 Sr/ 86 Sr, which may be interpreted as a small northward shift of the southern boundary of the ACC. Further work will be necessary to confirm this conclusion, but the data strongly suggest that the radiogenic isotope ratios in terrigenous sediments are important tools for constraining paleoocean circulation. Because they are controlled by fundamentally different factors than biologically based proxies, they present a complementary and independent view of the system.
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